Abstract: How can private households contribute to a more resource-efficient food production system? The importance of meat consumption has previously been highlighted. Various life-cycle analysis studies suggest which products are favourable from an ecological point of view. This study uses a material flux analysis to assess material and energy fluxes of the entire system of food production and consumption. It compares different steps in production and consumption as well as different product categories. The results reveal that agricultural production and private households account for most of the system's energy requirements. The outcomes of two possible initiatives taken by private households are analysed by scenario calculation. It compares optimization of technical devices in private households with purchase decisions that favour organically produced food products. The results reveal an astonishing optimization potential of cooling devices in private households. However, it also shows the importance of specific parameters, such as the energy-mix coefficient.
Introduction
Lamb or pork meat? Canned or frozen beans? Mango or apple? This is an every-day decision for consumers, to which life-cycle analysis (LCA) can give an answer regarding the minimization of environmental impacts (see e.g. Ceuterick, 1996) . However, it is more difficult to know if these are the relevant questions pertaining to the sustainable development of the entire food production system. First answers to this question have been given among other by Leach (1976) (UK production system), Pimentel (1980) and Singh (1986) (US food subsystems: agriculture, food processing), and Enquete-Kommission (1994) (Germany, agriculture and food system). These studies assessed the overall energy consumption of the food production and consumption chain, but they did not evaluate the optimization potential of the different actors systematically and did not show the significance of various initiatives for the entire system. This study aims at giving an overview of the Swiss food production and consumption system. The method of the material flux analysis is applied and optimization potentials of different actors are assessed, based on a material flux model. Energy is chosen as the indicator because energy fluxes show the system's main properties with respect to higher resource efficiency.
This paper reports preliminary results as the research project is still in progress. The focus is on private households, which are key actors because their purchase decisions affect the entire system.
Method
The method of material flux analysis (MFA) applied in this study determines, describes and analyses the metabolism of an anthropogenic system (e.g. a region or industry). It investigates the fluxes of different materials through a defined space within a certain time period. The method is mainly based on a natural science approach (Baccini and Brunner, 1991; Baccini and Bader, 1996) . The data stem from a region in the Swiss Lowlands, and include all major food products that are consumed by approximately 185 000 people or 74 000 households in this region in one year, based on data provided by a regional food retailer.
First step: system analysis
All the processes and goods necessary to describe the system 'to nourish' are selected in the system analysis. The system is defined in order to describe resource consumption originating from the annual sale of a regional food retailer (see Box 1). The system's borders include all major processes in the life-cycle of the food products in the retailer's product range (see Figure 1 ). The process 'agricultural production', for example, contains production processes both in Switzerland and abroad.
To simplify data collection, the product categories 'fish', 'sugar & sweet' and 'rest' are neglected in the study.
Figure 1
Composition of the retailer's annual sales (1996) in shares of the wet weight.
Box 1 Migros, the project partner
The study is conducted in collaboration with Migros, a corporation specializing in the retail business (Wolf and Ecoffey, 1997) . It owns shopping centres and retail stores throughout Switzerland, as well as factories and warehouses and their pertinent logistic installations. 'Food' accounts for approx. 65% of its annual retail volume (about 13 billion CHF in 1996) . About 90% of the product range in the food sector comprise products for which Migros has established its own trademarks. They are either processed in Migros' own factories or labelled accordingly by its suppliers. Migros' market share in the national food sector amounts to 24% (compared with a total retail trade volume of 36.8 billion CHF in 1995). The Migros corporation comprises 11 regional cooperatives. The study presented here is based on the annual sale of a regional cooperative in a Swiss Lowland region with a population of about 760 000. The results thus represent the food annual consumption of about 185 000 people.
Second step: assessment of the status quo
To describe the status quo, the material fluxes were assessed on the basis of the system analysis. The material fluxes show the interactions between the various processes. To assess the resource consumption of the food production and consumption system, indicators have to be additionally defined. Indicators can be substances (e.g. nutrients C, P or N) or goods (e.g. water and energy). What are the appropriate indicators to describe the system's resource consumption? Recent MFA studies have shown that a substantial amount of the direct environmental impacts of the system can be described by the indicator elements C, N and P . For all these indicator substances, the process 'agricultural production' accounts by far for most of the turnover. A similar picture is obtained when choosing water as an indicator good.
In the present study, energy was selected as an indicator to describe the system's resource management for the following reasons:
In contrast to the above-mentioned indicator elements, this approach allows us to describe the most important relationships within the entire system. The system's energy consumption is not strongly dominated by a single process, and possible management strategies affect the energy consumption of more than one process (e.g. changes in the product range).
In agricultural production, the C, N and P turnover is assumed to correlate with the energy consumption. C turnover is mostly due to the use of fossil fuels, N and P to the use of fertilizers (Müller et al., 1995) , which themselves require a significant amount of the energy inputs in agriculture (Diepenbrock et al., 1995 . It is, however, evident that more information on fertilizer application (frequency, time of spreading, etc.) is needed to assess comprehensively their environmental impacts. No positive correlation occurs in connection with soil as an indicator good. On the contrary, extensive agricultural production requires more soil, and the energy demand for fertilizers decreases. These considerations have to be taken into account when evaluating the results of this MFA study.
Energy consumption itself can be regarded as key resource consumption, owing to the scarcity of fossil fuels and the emission caused during the extraction and consumption (BUWAL, 1999) . Fertilizer production Ceuterick, 1996 Patyk and Agricultural production Pimentel, 1980 FiBL, 1998 SZG et al., 1998 Transportation Frischknecht et al., 1994 Food processing Energy statistics Corporate MFA studies Maillefer et al., 1996 Singh, 1986 Heiss, 1996 Various data sources are used (Table 1) to assess the energy and material fluxes throughout the entire life-cycles of the various products. However, assumptions are made to simplify the system. Concerning agricultural practices, for example, it is assumed that all crops that are grown in Switzerland are produced by Swiss integrated production standards (see Box 2), and that all foreign crops are grown by conventional production standards; for these the data were taken from different sources, partly also from Swiss data. For exotic crops it was partly possible to use specific data (e.g. from Pimentel, 1980).
Third step: model specification and application
In a third step, a model can be specified on the basis of the systems analysis and the status quo data. Here, suitable model specifications have to be chosen and model equations established. The model can then be used for several applications , e.g. for scenario calculations. The most important features of the model are:
• The basis for the calculation of the needed materials and products is the food sold from a retailer in a year. Assumptions are made where data are missing about losses and material use in a process. The split of the sold food (Figure 1 ) into the different categories matches well with a standard consumer basket (Kytzia and Faist, 2000) .
• Energy fluxes are designed so as to be dependent of the products: this is also true for household devices as refrigerators or freezers. This assumes a linear relationship between quantity of products to cool and the size of the refrigerator, as well as a fixed average utilization of the given volume.
• The system border with regard to time is a year. This makes allocations necessary in agriculture, where production processes (e.g. livestock breeding) may last more than one year.
In this paper a very simple model is presented in order to calculate two scenarios, which allow for a first discussion of two general resource management strategies: product choice versus process optimization. They focus on the actor 'private household', and compare possible gains in energy efficiency by 1 Increasing the share of organically produced food products in the diet 2 Changing its cooling equipment (freezer, refrigerator).
Results
The results of the status quo assessment (step 2) and a scenario calculation (step 3) are presented here. Figure 2 illustrates the material fluxes that originate from the annual sale of food products by the regional retailer. As the demand of private households has a key influence on the product range and determines the amount of products sold, it can be considered as a 'target process' (Baccini and Brunner, 1991) . The largest turnover of goods occurs in agricultural production and is mainly due to the resource demand of meat and dairy production: 800 000 tonnes of fodder are needed to produce 90 000 tonnes of milk and meat. Agricultural production is also the major consumer of water. Figure 2 shows the amount of water required to grow the crops (including rainwater). For all the processes except for the process 'food processing industry', the magnitude of the input water flux equals the magnitude of the output water flux. In 'food processing industry', however, a small amount of industry water (less than 10% of the input flux) is integrated in products (e.g. beverages).
Material and energy fluxes in the status quo

Current material fluxes
Roughly two-thirds of the sold food products is processed; the remainder consists of fresh fruit and vegetables. Packaging makes up about 7% of weight of the sold goods. Figure 2 only illustrates the net flux of packaging. The retail organization examined in this study uses reusable transport packaging; i.e., about 5000 tonnes of transport packaging per year circulates between processing industry and shops. Figure 3 shows the current energy requirements for the material flux system. Data mostly give information on end energy or direct energy requirements (direct consumption of fuel or electricity). Here the results are expressed in primary energy, which is also called the energy requirement for energy (ERE). The primary energy requirements were calculated on the basis of efficiency factors for electricity and fossil energy production. For electricity, the factor 31% (data for the interconnected network UCPTE (BUWAL, 1999; Frischknecht et al., 1994) was chosen. This choice takes into account the fact that all European networks are interconnected (BUWAL, 1999) and that the processes partly take place outside Switzerland. An average factor of 80% was chosen for fossil energy (BUWAL, 1999; Frischknecht et al., 1994) , as detailed data about the kind of fossil fuel used in the processes was often not available.
Energy requirements in the status-quo
Figure 3
Processes of the system and their primary energy requirements in relation to the total (2 800 TJ/year).
Because the household requires almost 30% of the system's total energy demand, it is an important energy consumer in the status quo. The energy consumption is used for cooling and cooking, and its efficiency is relatively low, as almost all kitchen appliances are electric.
The following table presents the split of the energy requirements on the different kitchen activities in the results of the status quo and in estimates of two publications about electricity use in households. The difference between the calculated data and the other sources can be explained mostly by the fact that fish, sugar and ice cream, coffee and tea, as well as some convenience products, are not included in this study. Estimates for these categories amount to about 50% more cooking and freezing energy, so that the total sum approaches the compared data very closely. The sum of all the transports in the system represents 7% of the energy requirements. A part of it can also be attributed to the household, as it represents the energy used for shopping. It amounts to about a third of the total transport energy, which is astonishing when thinking that the overall transport figure includes import over much greater distances. Because of the means of transport (car) and the small shopping quantities, shopping is a relatively inefficient transport. However, there are many assumptions underlying this result, as data are scarce about distances travelled for shopping and the amount of products taken home in one ride.
Agricultural production accounts for about 28% of the system's total primary energy requirements, which are used in fertilizer and pesticide production (7%), cultivation (16%) and greenhouse production (5%). Here, mostly fossil fuels are used. Greenhouse production is almost entirely limited to vegetable crops.
In the case of the retail organization examined in this study, a large portion of the system's energy requirements can be directly influenced by the food retailer. This energy is used for food processing (13%), distribution (17%) and partly also for transport. As its own trademarks make up a large part of the products, the retailer is able to influence the packaging, which requires 7% of the system's total energy demand.
As aforementioned, these results are dependent on several assumptions chosen to simplify the data acquisition. The impact of each assumption on the results obtained has not yet been evaluated systematically. However, it has already become clear that the choice of the efficiency factor of electricity production has a significant influence on the primary energy requirements of the system. A 10% change in this factor would have a significant influence on the relative energy demand of all processes. Figure 4 shows the difference in the relative importance of the processes when the energy requirements are calculated with the end energy and the primary energy, respectively.
The share of the system's primary energy consumption is significantly higher for processes that almost entirely depend on electricity (private households, distribution) than their share of the system's requirement of end energy. The contribution to the system's overall energy demand by processes using mostly fossil fuels (cultivation, greenhouses, transports and packaging) becomes smaller when looking at the primary energy demand instead of its end energy requirements.
Scenario calculation
Choice of scenarios
One of the recent innovations of Swiss retailers is the promotion of organically produced food products. Coop, the second biggest Swiss retailer, aims at attaining a share of 20% of its retail volume in the food sector by selling organically produced food products. In urban areas in 1998, the organically produced vegetables and fruits reached almost 10% of the turnover of these products. In 1999 the retail turnover of organic labelled products grew by 14% (Neue Zürcher Zeitung, 29 March 2000) .
Different studies have shown that the energy efficiency of organic production (see Box 2) is higher than with conventional or integrated production (Alföldi et al., 1999; Cederberg, 1998; Salzberger and Lörcher, 1997) . Some of them have also studied the saving potential of a special product like bread along the whole production chain (e.g. (Salzberger and Lörcher, 1997) . With scenario 1, 'purchase decision', we would like to assess the maximum effect on the energy requirements of the system by assuming that all households buy only organic food products.
Figure 4
Shares of the processes in the overall end respectively primary energy of the system.
Box 2 Definition of integrated and organic production
Integrated production (IP) This is a farming system, based on scientific principles as well as practical experience, considering all of the para meters required for complete cropping cycles, such as site selection, crop rotation, cultivation techniques and integrated pest and disease management. It encourages the use of synthetic chemicals as fertilizers and for pest and disease control using as little as possible, but as much as needed (Bauer, in Wolf and Ecoffey, 1997) . Integrated production is widely spread in Switzerland as it is strongly favoured by the new agricultural policy (Article 31a and b from the Swiss agricultural law (Landwirtschaftsgesetz), see e.g. Rieder and Anwander Phan-huy, 1994) .
Organic production Organic agriculture takes local soil fertility as a key to successful production. By respecting the natural capacity of plants, animals and the landscape, it aims to optimize quality in all aspects of agriculture and the environment. Organic agriculture reduces strongly external inputs by refraining from the use of chemosynthetic fertilizers, pesticides and pharmaceuticals (definition of the IFOAM, International Federation of Organic Agriculture Movements).
The assessment of energy requirements in the status quo shows that private households contribute significantly to the system's overall energy consumption by cooking and cooling. In Switzerland, the government can set target efficiencies for household devices. These values correspond to the average of 40% of the market best values; they are therefore rather moderate. Scenario calculations of energy demand in households (Hofer, 1996) show that these measures reduce the energy requirements of cooling in the household. Scenario 2, 'Process optimization', illustrates to what extent improvements in the currently used cooling devices could decrease the energy requirements of the system in setting best values.
Scenario 1: purchase decision in favour of organic food production
Three groups of parameters are considered for this scenario: (a) product mix, (b) agricultural production standards and (c) technical standards in transport, food processing and private households. Because crops and meat that are produced according to organic production standards are increasingly processed, transported and consumed in the same way as conventionally produced food products, only the parameters for agricultural production standards are changed (see Table 3 ).
Table 3
Assumptions of the scenario 'purchase decision'.
Parameters Assumptions
Product mix Given by the status quo Agricultural production Organic production (available Swiss data) Transport, processing, household Given by the status quo Data describing the goods and energy fluxes in the agricultural production are not yet available for all organic agricultural products. Table 4 shows the share of agricultural products in each product category for which appropriate data were available. Assumptions on yield reduction and fertilizer use were made, when necessary, on the basis of the product average in the category. Table 5 ). 
Results of the scenario calculations Scenario 1
As regards the overall energy demand, the fertilizer energy decreases, but the energy requirements for cultivation (tractors etc.) increase (see Figure 5 ). Because fodder represents a vast amount of the organic materials produced in agriculture, energy savings in fodder production account for the largest share of the total decrease. The highest decrease in the specific energy demand (energy demand per kilogram of food product) is attained in fruit production. In the case of vegetables, however, organic production has little effect on the energy requirement, because greenhouse production is responsible for most of the production's total energy requirements.
Figure 5
Primary energy requirements of the agricultural production in GJ/year. The status quo (conventional agriculture for foreign products, integrated for domestic) is compared with organic agricultural production for the different product categories. The results present the energy requirements of the product categories. The data bars 'fruit' include fruit juice.
An overall organic production would result in savings of about 105 000 GJ/a, that is about 4% of the entire system's energy requirements. It represents about 20% of the overall energy requirements for fertilizers and cultivation.
Comparison with LCAs of different products (milk: Cederberg, 1998; a crop rotation period: Alföldi et al., 1999) shows similar results. Energy savings in agriculture amount to 15-20%. Higher savings (59%) are calculated for wheat in a crop rotation in a LCA of bread (Salzberger and Lörcher, 1997) . The fertilizer use of the conventional variant in Salzberger and Lörcher, (1997) is, however, much higher than in the status quo of this study. Salzberger and Lörcher (1997) follow the energy requirements up to the retailer: considered over the whole chain the energy 'savings' reduce to 15%, in a similar way to this study.
Scenario 2
The results reveal an important savings potential in private households (Table 6 ). It amounts to about 10% when considering the whole system (36% of the energy requirements of the household). However, the applicability of the results of this scenario is dependent on the likelihood of the aforementioned assumptions. The most important assumption of this calculation is the average volume of refrigerator/freezer per household and the quantity of cooled food per household, which was calculated on the basis of the food consumption and verified with the volume of the devices.
Table 6
Results of the scenario 'process optimization' in households.
Reference value
Best technology Savings (GJ/a, whole system) (GJ/a, whole system) (GJ/a, whole system) Refrigerator 354 000 139 000 215 000
Deep freezer 183 000 103 000 80 000
The main factors that influence this parameter are the following:
• The market penetration of refrigerators is already 97%, which means that the number of these devices won't grow much, unless people feel a strong need to have a second or a bigger appliance due to a strong growth of products needing cooling.
• The market penetration of freezers is 65%. Here a growth of the numbers can be expected and with it the average volume per household and the energy consumption. Hofer (1996) in his scenarios calculates 33% more cooling devices (freezer and refrigerator) per household in 2010 (compared with 1990).
• Small households tend to have a higher volume of cooling devices per capita. A major shift in household sizes has however already happened: the proportion of one-person households rose from 19.6% in 1970 to 32.4% in 1990 (Priester, 1996) . Scenario calculations show that this percentage will rise only slightly to 33% in 2010.
• The volume of cooling devices can be assumed to correlate with the living space. The average flat size is expected to rise by 2010 by 9% compared with 1990 (Hofer, 1996) and by 12% by 2030. It is, however, difficult to find detailed information about the increasing volume of cooling devices.
• The demand for more volume (or a second device) can also come from a higher demand for convenience food. For refrigerated products it was assumed that, on the whole, about the half of all sold food (including fruit juice and soft drinks) has to be refrigerated. Frozen products represent only 3% of the total. Here there is also an increasing market due to the higher proportion of working women as well as innovations to reduce time spent on purchasing and cooking (Ritson and Hutchins, 1995; Anwander Phan-huy, 1998) . The decreasing social importance of meals tends to increase the consumption of such products. A study in Denmark (Anwander Phan-huy, 1998) shows, however, that such tendencies are very strongly influenced by lifestyle and individual consumer attitudes.
To assess the effect of an increase in the volume of cooling devices, the scenario was calculated with an additional assumption. The market penetration of refrigerators and freezers was set to 100% each as an estimated value for the increasing volume. Per household the volume is therefore 227 litres for the refrigerator and 231 litres for the freezer. The results of this calculation are shown in Table 7 . The scenario calculations by Hofer (1996) show that energy demand for cooling devices is expected to diminish by about 4-7% a year, in spite of the increase in the numbers of appliances, owing to the effect of these target values, and by more if these values are set dynamically, taking into account the amelioration in new appliances (16-19% of cooling and freezing until 2010, 32-46% until 2030) . This means that the measure presented in the scenario (higher energy efficiency of cooling devices) can be expected to take place over about 30-40 years. Savings in relation to total energy requirements -11% -9%
The precise saving potential is difficult to assess because of the lack of detailed information about the appliances' characteristics as well as the difficulty of making prognoses. However, the scenario calculations presented here and in Hofer (1996) show a high saving potential in household devices in spite of the trend of their increasing numbers and volume per capita.
Discussion of the scenario calculation
The results of the scenario calculation show a surprisingly high influence of modifications in the private household's technical equipment compared with fundamental changes in cultivation methods (see Figure 6 ). A complete change to organic production standards would allow about 4% savings in energy requirements for the entire system. This rather small figure is due (i) to the relatively low intensity of the agriculture in the status quo (integrated production for the Swiss agriculture), (ii) the fact that agriculture represents only 28% of the total energy requirements, which reduces the importance of the savings. The current retail volume of organically produced food amounts to only a few percent of the total retail volume for food products. Such a small turnover does not have any relevant influence on the system's energy requirements. It might, however, be a first step to a fundamental change in agricultural production (e.g. by raising awareness of the consumers or rewarding innovative farmers). The impacts of this scenario on a sustainable development of the food production and consumption system cannot be evaluated with the indicator energy only. Quality issues pertaining to water, soil, biosystems and livestock treatment have also to be taken into account, including increased soil demand due to more extensive land use. Extensive cultivation could imply also an increase in the amount of imported food products in densely populated areas (as the Swiss Lowlands).
Savings achieved through changes of cooling technology in private households are estimated at 11% of the energy requirements. These are, therefore, larger than the effects of a complete change to organic production. Measures aiming at increasing the energy efficiency of cooling devices, such as target values for the appliances, are expected to bring this reduction over 30-40 years. To influence the development of the volume of cooling devices will probably be more difficult, as it is dependent on lifestyle and individual consumer attitudes.
What parameters in the MFA model are accountable for the importance of the process 'private household' in the status quo and the results of the scenario calculations?
A fundamental assumption in the study is that data on the annual retail volume of a regional retailer are sufficient to estimate the annual food consumption of a number of private households that is supplied by the retailer. In the study, this number of households is estimated on the basis of the region's population and the retailer's market share in the food sector. It was validated with average per capita food consumption data (SBV, 1998) . Because the processes use different energy sources, the choice of the primary energy coefficient is very relevant. The efficiency of electricity production depends on the selected mix of production technologies (e.g. hydroelectric power or coal). This mix is country-specific or specific to an interconnected network of countries. If it could be assumed that the process household, for example, depends only on the Swiss mix, this process would become less important. Generation of electricity in Switzerland is more efficient than the average European mix, as it contains more hydroelectric power (efficiency coefficient of 43% (BUWAL, 1999) ). Figure 7 shows the results of the scenarios calculated with the assumption that European electricity is produced with the efficiency coefficient for Swiss electricity. The reduction of the overall energy demand is then less pronounced in the relative proportions. The increase of the energy efficiency that is generated, for example, by an increase of renewable energy sources presents high saving potentials. Therefore, the promotion of solar electricity in households, as recently promoted in some big Swiss cities, could be an important step in this direction.
Conclusions
The results of this study reveal that 1 Energy is a good indicator to qualify and quantify the essentials of physical resource management within a regional system 'to nourish' in a first approximation.
2 An increase of resource efficiency within such a system cannot be attained by measures in agricultural production only. A scenario calculation of energy fluxes shows that optimization potentials of technical devices in private households yield savings that more than match gains from far-reaching adjustments to agricultural production standards.
Figure 7
Results of the scenarios calculated with a primary energy coefficient of 43% for electricity in comparison with the status quo energy requirements (calculated with the European mix). The primary energy savings in the scenario 'process optimization' are lower than the new status quo (7%) as in the former calculations (11%), because electricity becomes less important owing to the higher efficiency. A higher efficiency, however, allows a greater reduction in the overall energy requirement in comparison with the status quo with European mix.
Two additional approaches seem promising to further raise resource efficiency in the food sector. The first initiative should focus on the optimization of processes, e.g. the preservation of food, as it requires cooling in private households as well as along the entire production chain. Various actors (processing, retailer) can contribute to more resource efficiency in this respect. The second approach attends to the product mix that results from individual diets as well as consumption trends (e.g. convenience food). Both approaches will be evaluated in further scenario calculations. Evaluations of single strategies have to be based on an overview of the entire food production and consumption system. Only thus can hot spots be assessed and significant optimization potentials be identified. However, such large systems demand simplifications, e.g. in the choice of indicators. Organic agriculture, for example, cannot be characterized through its energy requirements only. Neither can other phenomena in the food system, such as changing consumption trends, be reduced to one single parameter. Therefore, additional investigations are necessary to understand the subsystems in more detail (e.g. with regard to biodiversity or to pedological properties of agricultural soils). A material flux analysis, however, can fill an important gap in current research on sustainability by reducing a system's complexity with respect to a limited number of issues and reveal key parameters for changing the system's behaviour.
